The fungus Polymyxa betae is an obligate parasite of the roots of many plants of the family Chenopodiaceae. In the sugar beet, it acts as a vector of beet necrotic yellow vein virus, the agent of a serious disease known as rhizomania. With indirect methods of analysis, such as bioassay, one can establish only the presence or absence, but not the quantity, of P. betae in soil. A new method based on the technique of the most probable number (MPN) of infective units of P. betae present in the soil was developed on the basis of the biological characteristics of this microorganism. Compared with traditional bioassay methods, the MPN method is suitable for determining the contamination level of P. betae in a soil, and it appears promising for the routine analysis of many soil samples, whether they were affected by rhizomania or presumed noninfested. The instrumentation designed especially for the recovery of viable P. betae from soil with the MPN technique is made from commercially available materials, results in a saving of space during sample incubation, and permits this method to be used for any laboratory analysis.
Polymyxa betae Keskin belongs to the family Plasmodiophoraceae and lives in the soil as an obligate parasite of the roots of members of the Chenopodiaceae (9) . In the sugar beet (Beta vulgaris L.), it has been implicated in the serious disease known as rhizomania, acting as the vector of beet necrotic yellow vein virus (5, 11, 12) . Root hair infection is achieved by the zoospores from zoosporangia or the sporosori (cystosori) (8) ; a plasmodium subsequently forms inside the host cell and differentiates into a zoosporangium or a sporosorus. The sporosori are the means by which the fungus is preserved and can survive in soil for very long periods (1) . Hilman (U. Hilman, Ph.D. dissertations Universitat Giessen, Giessen, Federal Republic of Germany, 1984) and Heijbroek (7) reported that sporosori of P. betae are able to pass through the intestinal wall of livestock without losing their viability.
The ever-increasing spread of sugar beet rhizomania into vast areas of Europe and the United States has focused the attention of many workers on the evaluation of the level of P. betae contamination in a diseased or presumably noninfested soil. However, we currently have no simple quantitative assay method for evaluating living forms of P. betae in the soil. Bioassay methods provide only a partial qualitative response, i.e., the presence or absence of P. betae in a soil (7) .
The strict P. betae-host interdependence makes it impossible to isolate living forms of the fungus directly without the presence of the root of a chenopodiacea. For this reason, the presence in soil of living forms of this fungus can be ascertained only indirectly by infecting the roots of a specific test plant. The indirect plant infection count is currently used in soil microbiology to study the ecology of rhizobia with the most-probable-number (MPN) technique (6, 13) based on the tables of Fisher and Yates (4) . This technique, which makes use of 87.7% of the information, is based on the assumption that the infecting forms of an organism are randomly distributed in the soil being tested and that even one organism in a sample inoculated on a plant is sufficient to * Corresponding author.
bring about infection, thus yielding an unequivocally positive result (4, 10, 13) .
Our past research has shown a positive correlation between the positive-infection endpoint of test plants inoculated with diluted sample soil and the degree of P. betae contamination in the soil (3). In certain ecological conditions, the living infecting units germinate and bring about infection of the host plant by means of the zoospores. The above-mentioned assumptions on which the MPN technique is based are satisfied by the following conditions: (i) the form by which the fungus is preserved (sporosori) does not live gregariously in the soil but, together with the debris of the host, is spread randomly by land cultivation or by rain and wind erosion or borne by other agents; and (ii) a single infecting unit which is formed of one or more sporosori that germinate and free several zoospori, has a high potential for infecting the test plant and yielding an easily determined positive result. However, in addition to the assumptions implicit in the correct use of the Fisher and Yates tables, to be used to evaluate P. betae in the soil, the MPN technique must satisfy other prerequisites related principally to the biology of the fungus. In particular, as sporosorus germination is favored by the root exudates of the host (9), it is necessary that the soil samples inoculated on the host plant are explored completely by the roots. Growth of the test plant-P. betae system must be enhanced without also favoring other microorganisms phytopathogenic to the host that may be present in the soil to be analyzed. (2) . The noninfested soil was sampled from a rhizomania-free field in central Italy where legumes and grains were grown. This soil was sterilized in an autoclave at 120°C for 1.5 h three times, each time letting the mass cool completely. The soil was dried in the oven at 42°C. The grinding and sifting operations were identical to those described for the infested soils.
The soil highly contaminated with P. betae was then mixed in various proportions with the noninfested soil and analyzed with the MPN technique and the traditional bioassay reported by Heijbroek (7) for a comparison of the two methods of analysis. The noninfested soil was also used in all experiments to prepare the dilutions of the soils contaminated by P. betae as described below.
(i) Preparation of soil dilutions. The suspensions of infested soil to be analyzed were mixed with a basic suspension composed of noninfested soil in a proportion that was varied according to the dilution factor (2-, 4-, or 10-fold). The suspension of noninfested sterile soil was prepared by suspending 300 g of soil in a 2,000-ml flask in a final volume consisting of 1,500 ml of the growing solution described below. After the mass was stirred for 30 min at 60 rpm, we used a 50-ml broad-tipped graduated pipette mounted on a Pipet-aid (Drummond Scientific Co., Broomall, Pa.), while still stirring the mass, to prepare five beakers with 50 ml, five with 75 ml, and five with 90 ml of soil suspension. All were 200-ml beakers, and the material they contained was kept under stirring at 60 rpm.
At the same time, 20 g of infested soil to be analyzed was suspended in a volume of 100 ml of growing solution and stirred at 60 rpm. This was the first dilution, which was common to all three dilution factors used. For the twofold dilution factor, 50 ml of this dilution was transferred into a beaker containing 50 ml of a suspension of noninfected soil (0.1-g/ml dilution of infested soil). After 10 min of magnetic stirring, 50 ml of the soil suspension was taken without interrupting the stirring and transferred into another beaker containing 50 ml of a suspension of noninfested soil (0.05-g/ml infested soil dilution), and so on, up to the fifth beaker.
For the 4-fold and 10-fold dilutions, we followed the same procedure except that the volumes of infested soil suspension transferred from one beaker to another were 25 and 10 ml, respectively.
(ii) Soil inoculation. The diluted soil was inoculated into tissue culture plates with 24 wells (6 rows of 4 wells) ( Plant analysis. After 20 days of incubation, the box house assemblies were divided by removing the adhesive tape. The glass rings were delicately removed one by one from the wells with all the plants, complete with roots. By using a stream of tap water, the sand was washed away completely, thereby removing the plants with their roots from the glass rings. The roots were separated from the rest of the plant with a scalpel and washed again with tap water on a 1-mm-mesh sieve. The cleaned roots were arranged in parallel on a glass slide in a few drops of water and observed at x 150 with a cover slip with an model BH-2 light microscope (Olympus Corp., Scientific Instrument Div., Stamford, Conn.). All the roots present on an individual slide, which corresponded to a single well from the box house assembly, were rapidly scanned to ascertain the presence or absence of sporosori of P. betae.
Preparation of the standard sample. The standard sample was analyzed at the same time as those of soil infested with P. betae and served as a positive control. The stock of the standard sample was prepared by infecting the plants in the glass rings inside the pans mentioned above ( Fig. 1 ) with 10 ml of a suspension containing 0.2 g of soil infested with P. betae per ml. After 20 days of incubation in a phytotron (Fitotron model 600H; Fisons Scientific Equipment, Loughborough, Leics, England) under the same conditions reported for the plants grown in the greenhouse, the roots were separated from the rest of the plant and sand as reported above and collected in a single mass. With the aid of the light microscope (magnification, x 150), the roots with sporosori were selected and placed side by side on a series of glass slides. They were cut transversely with a scalpel into pieces to 2 mm in length that were placed into petri dishes and air dried for 5 to 6 days. Once dry, the root pieces were pooled, mixed with a glass rod, and stored at 4°C in a dark glass container.
At the time of use, 0.2 g of root pieces was taken and mixed with 20 g of sterile noninfested soil that was then diluted and inoculated as was done for all the other soil samples analyzed. The standard sample prepared after we performed various preliminary trials gave a positive result for P. betae infection down to the limit dilution of 0.02 g/ml.
The number of root pieces having sporosori that were inoculated on the plants with the diluted standard solution was determined with the microscope as follows: 0.5-ml volumes were taken from each of the dilutions and, after a further dilution in five volumes of water, were filtered under vacuum on blotting paper. The individual root pieces were observed on glass slides at x 150 with the light microscope; all root pieces with sporosori were counted. For each dilution, 10 samples were taken and the number of root pieces having sporosori was calculated from the mean of the observations. Statistical analysis. The tables reporting the MPN of infecting units of P. betae per gram of analyzed infested soil are based on Fisher and Yates' Table VII12 (4) . They were calculated by taking into account that 0.1 g of infested soil was used in each well in the first dilution (which was VOL. 55, 1989 on January 11, 2018 by guest http://aem.asm.org/ common to all other dilutions used). Table 1 was constructed for the 2-, 4-, and 10-fold dilutions by using four or six steps, according to whether the box houses were inoculated longitudinally (four dilution steps per five wells plus one control each) or transversely (six dilution steps per three wells plus one control each).
RESULTS
Comparison of the MPN and bioassay methods. The results of the analyses of the samples from increasing proportions of infested soil assayed with both the MPN technique and the method in general use in many laboratories, i.e., the bioassay method, showed a positive correlation between the number of test plants infected with P. betae and the concentration of infested soil inoculated (Fig. 3) . This correlation was higher with the MPN method, by which 80 to 82% of the test plants inoculated with the samples with 90 or 100% infested soil underwent P. betae infection, whereas with bioassay the number of plants infected with the same soil samples never exceeded 65% (Fig. 3) . The correlation mentioned above for both methods between the concentration of infested soil and the percentage of test plants contracting the infection introduces another parameter, i.e., the number of infecting units of P. betae per gram of soil (MPN), which also correlated positively with the concentration of infested soil in the samples analyzed (Fig. 4) . The MPN of infecting units of P. betae per gram of soil was determined from Table  1 , which was derived from the Fisher and Yates tables adapted to the specific methodology we followed.
Effect of the test plant on evaluation of the MPN of infecting units of P. betae in the soil. The trials conducted with the Kawegigamono and Rizor cultivars, which are known for their sensitivity and tolerance, respectively, towards rhizomania, showed no significant differences. In fact, in an experiment performed on the same standard soil sample diluted 4-and 10-fold with four replications, we estimated MPNs (infecting units per gram of soil) of 16.4 ± 0.60 and 18.7 ± 0.80 for Rizor and 16.7 ± 1.15 and 20.2 ± 0.30 for Kawegigamono for the 4-and 10-fold sample dilutions, respectively. These results refer to the presence or absence of the fungus P. betae on the roots; however, in all experiments we preferred Monohil or Kawegigamono, both susceptible to rhizomania, because they showed a greater presence of sporosori on the roots and, therefore, made for more rapid microscopic observation of the test plants (data not shown).
Effect of soil sample dilution on MPN estimation. The choice of the dilution scale for the soil samples affected the variability of the analytical data. In fact, although the mean MPN estimated for each dilution remained nearly constant, the standard deviation of the mean increased as the dilution factor increased ( Table 2 ). The endpoints for positive infection obtained with dilution factors of 2-, 4-, and 10-fold were highly reproducible only if, as reported above, a portion of sterile noninfested soil was introduced when the dilutions were prepared, so that the dilution steps contained different concentrations of diseased soil to be analyzed, while the total mass of inoculated soil remained constant ( Table 2) .
Effect of the sample-mixing system on sampling error. The recovery of beet root debris containing sporosori of P. betae in the standard sample was affected by the variously diluted sample-mixing systems. In particular, the coefficient of variation of the data for the recovery of root debris of samples mixed by magnetic stirring was lower than for manual sample mixing (Table 3 ). In addition, within each dilution scale, we observed a higher variation of the presence of beet root debris in the higher dilution steps near the endpoint (Table 3) . 
DISCUSSION
The method of the MPN of infecting units of P. betae present in the soil allows one to estimate the living forms of the fungus, which is an expression of the level of potential contamination of a soil. Unlike the traditional bioassay method, the MPN technique, given the prerequisites mentioned in the introduction, affords the sporosori of the fungus in question a better chance of germinating and, therefore, promoting host-plant infection. In fact, Fig. 3 shows that the same samples consisting of 90 to 100% contaminated soil analyzed with both methods were able to infect a greater number of plants with the MPN technique (80%, compared with 60% with the bioassay method).
Disinfecting the sugar beet seed improved its germinability, probably because of leaching of the toxic compounds contained in the outer coating of the seed itself. The growing solution guaranteed multiplication of P. betae without the simultaneous growth of other phytopathogens; on the whole, for all trials, the number of wells in which seeds failed to germinate because of phytopathogens did not exceed 1%. This low failure rate was also ensured by the box house system used to grow the test plants. In fact, the roots that grew in the sterile sand of the glass ring had good phytosanitary protection and were able to support the plant (Fig. 5, a) . Other roots that invaded the sample in the well underwent infection without grossly affecting the general conditions of the plant (Fig. 5, c) . The glass rings were placed in the top portion of the plate wells, and a very important opening for gaseous exchange in the box house was created (Fig. 5, b) . When this opening was sealed with adhesive tape, there was an increase in germination failure and a worsening of the quality of the root tissue used for the microscopic observations.
The presence of a constant quantity of soil in all the dilution steps led to MPN values that were more reproduc- ible on account of the protective action exerted by the clay on the viability of zoospores of P. betae. This was also demonstrated in other trials conducted separately (data not shown).
The high humidity in the box houses ensured low evaporation from the wells; however, by observing the bottom of the box house assembly it was possible to identify the drier wells, whose moisture was replenished by adding sterile water via a needle through the opening shown in Fig. 5 (b) ; this water reached the sample at the bottom of the well by capillary action.
Compared with the bioassay method, the MPN method, in addition to providing a quantitative estimate of the degree of soil contamination, has the advantage of requiring a small amount of space during the incubation period, as the box houses can be stacked one atop the other. One can also analyze a greater number of samples with several repetitions for each one, making it possible to choose in a single step the sample dilution factor most appropriate for the degree of contamination of the soil sample.
